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•. The Toa Baja Well was drilled on the coastal 
plains of northern Puerto Rico with a total depth of 2705 m 
[Lame, 1990]. Interstratified limestone, quartz-bearing 
calcareous sandstones, and shales dominate the uppermost 580 
m and are separated from underlying rocks by an 
unconformity. Below this unconformity continuing to total 
depth, lithologies ncountered consist ofvolcaniclasfic 
sandstones/siltstones, p lagic carbonates, volcanic flows and 
either plutonic rocks or coarse-grained immature sandstones 
derived from plutonic bodies. 
Stable isotopic data of carbonates uggest diagenefic 
modification u der a meteoric and meteoric-marine mixing 
environments for sediments above 915 m. A fracture zone near 
915 m coincides with an abrupt shift in •5180 compositions 
indicating the presence of hotter fluids during alteration of 
these sediments. The depleted õ13C signatures occurring 
above afault at !220 m are suggestive of isotopically light 
gaseous hydrocarbons migrating through the fault and being 
oxidized as they dispersed through the sediment column. The 
abrupt shift in ;5180 compositions and its coincidence with the 
fracture zone at 9!5 m suggest geopressuring and thermal 
buildup due to accumulation of hotter, upward migrating 
formational fluids. Estimated burial temperatures for the 
interval above 915 m do not exceed 40øC and are possibly 
lower due to circulating colder meteoric fluids. Maximum 
estimated burial temperatures for sediments below 915 m 
ronge from 80 ø to a a maximum of 150øC at 2400 m. The data 
suggests that the bulk of the sediment pile has not been 
exposed to temperatures above the oil window and possibly 
hydrocarbons have been generated eeper in the basin. 
Introduction 
The Toa Baja Well was drilled on the coastal plain of 
northern Puerto Rico, approximately 10 km west of San Juan, 
to a total depth of 2705 m [Lame, 1990]. The uppermost 580 
m consists of interstratified limestone, quartz-bearing 
calcareous sandstones, and shales of middle Tertiary age 
(01igocene-Miocene) andare equivalent to units exposed in the 
heavily karstified Tertiary outcrop belt of northern Puerto Rico 
described byMonroe [1980] (Figure 1). The middle Tertiary 
strata re separated from underlying rocks by an unconformity 
at approximately 580 m of depth. Below this unconformity 
continuing to total depth lithologies encountered in the drillhole 
consist ofvolcaniclasfic sanclstones/siltstones, pelagic 
carbonates, volcanic flows and either plutonit rocks or coarse- 
grained immature sandstones derived from plutonit bodies 
(Figure 1). Sediments below the unconformity are interpreted 
as being of deep water origin and are of lower Eocene to 
middle Oligocene age [Lame, 1990]. 
In order to gain a better understanding of the diagenefic 
history ofthese sediments and appraise the possible 
involvement of hydrocarbons in the diagenesis of these 
deposits, stable carbon and oxygen isotopic studies ofthe 
carbonate sediments were undertaken. 
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Methods 
Petrography isbased on well cuttings ieved washed and 
retained on a 230 mesh screen and embedded in epoxy from 
which thin sections and polished chips were produced. Chips 
were stained with an Alizarin Red/Potassium Ferricyanide 
solution. Cathodoluminescence was performed using a 
Nuclide ELM-2 luminoscope. For materials form depths of 30 
to 850 m, microscale samples (=0.! mg powdered carbonate) 
were extracted from polished slabs using a microscope- 
mounted rill assembly with drill bits of 0.50 mrrl in diameter. 
Due to the small cuatfing size sampling of individual diagenetic 
components is not feasible below 915 m. Below 610 m to total 
depth, asplit from the sieved cuttings was analyzed for whole- 
rock/513C and/5•80 composition. All stable isotope analyses 
were performed at the University of Michigan Stable Isotope 
Laboratory and are reported relative to the PDB standard. 
Petrography 
Diagenetic modifications of the carbonate-dominated portion 
above 580 m of the Toa Baja drillhole sequence are treated in 
greater detail by Gonz,51ez and Ruiz [1991]. Limestone 
fragments above the unconformity generally consist of variable 
amounts of benthic foraminifera, red algae, echinoderm 
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Fig. 1. Inferred lithostradgraphy of the Toa Baja Well #1. The 
age range of sediments above the unconformity is middle 
Oligocene toMiocene in age and sediments below the 
unconformity are uppermost lower Eocene [after Smith et 
al., 1991; Montgomery et al., 1991]. 
533 
Gonzfdez: Carbon-Oxygen Isotopes Toa Baja Well 534 
1991]. Most of these are embedded in a micritic matrix and 
occasionally are rimmed by fibrous marine cements. Quartz- 
rich calcareous andstones and siltstones are all cemented by 
calcite spar or microspar. The diagenetic history of carbonate 
rocks encountered in the Toa Baja well can be summarized as 
follows: a) early marine cementatibn, b) skeletal aragonite 
dissolution a d/or eplacement by blocky calcite, c) fabric 
retentive replacement ofhigh magnesium calcite by calcite, d) 
inffiling of skeletal and intmskeletal porosity by equant/blocky 
calcite spar, e) dolomitization of selected components. 
In the volcanic/volcaniclastic equences below 580 m, 
carbonates are present as pelagic deposits, vein-filling calcite 
spar, and microcrystalline calcite inffiling secondary porosity 
in feldspars or calcifizing of feldspars. Pelagic arbonates 
show variable degrees of alteration with recrystallization 
increasing downhole. Vein-filling calcite in non-carbonate 
rocks occur as distinct fibrous fill and as a calcite mosaic 
(blocky spar). In fragments in which these two types of vein 
fill are present, blocky calcite is the late phase. Isolated blocky 
calcite spar fragments or those not associated with vein fills 
can be differentiated by their coloration into three different 
types: clear, cloudy (milky), and "pinkish" spar. The clear and 
cloudy spars are similar in appearance tothose known to occur 
as vein fills. Down-core variability is hard to assess due to the 
small size of the cuttings. Because these spars coexist only in a 
few samples, their relative timing cannot be determined from 
the existing samples. 
Carbon and Oxygen Isotopic Compositions 
The õ180 composition ofboth whole-rock samples and 
component analysis can be separated into two distinct groups 
(Fi• 2, 3). Above 915 m oxygen isotopic ompositions 
range from- 1.5 to -4.2 %0 with no systematic change with 
depth. Two individual analyses from calcite spars at 46 and 
100 m deviate from this range and are interpreted by Gonz,-i!ez 
and Ruiz [ 1991] to be detrital vein calcite. 
At 915 m there is a prominent shift in the •5180 
compositions towards lighter values (Figure 3). •5180 
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Fig. 2. Carbon-oxygen isotope cross-plot. Notice the gap in 
õt80 compositions from-4 to -6 %0. Solid squares = whole 
rock, open squares = calcite spar in volcanic/igneous rock 
fragments, solid diamonds = calcite spars and recrystallized 
skeletal grains, open diamonds = carbonate grains above 
unconformity. 
Oxygen isotopic composition (pdb, %4 
-14 -12 -10 -8 -6 -4 -2 0 2 4 
'• •" J ! • • 6 • I1"1. I 
,.' I 
J 
I ' ! I I I II I 
S 0 -S -10 -15 -20 -25 -30 







Fig. 3. 5•3C and õ180 variations with depth. Squares 
represent are component analysis. Triangles are whole rock 
analysis. Solid symbols = õ•3C and open symbols =/5180. 
Structural information from Lame [1990]. 
compositions range from -7.9 to -!3.7 %0 and decrease 
gradually with depth. The sharp change in isotopic 
composition coincides with the presence ofa fracture zone 
from 862 to 869 m (Figure 3). Although/5180 compositions 
generally decrease with depth, there are several spikes in this 
trend that coincide with fault planes described inLame [ 1990]. 
With the exception f three data points, õ13C compositions 
of carbonates above 915 m range from -8.3 to +2.4 %0 (Figure 
2, 3). The three samples that have depleted õ13C values, 
ranging from -15.2 to -28.2 %0, are from clear to cloudy spars 
from veins in volcaniclastic fragments. Spars associated with 
limestone fragments do not exhibit these xtremely depleted 
values. Pink and milky spars in volcaniclastic fragments fall 
within the range for all other samples. 
Immediately below the fracture zone at 869 m and above the 
fault plane at 1220 m, õ13C compositions exhibit broad 
variability and generally decrease with depth. Below the fault 
plane at 1220 m, whole-rock samples andone pelagz!_c mud sample have õ•3C values that are fairly invariant./5 3C values 
range from +1 to -1%0 with no systematic change with depth. 
Discussion 
The petrographic character of limestone fragments and their 
isotopic compositions suggest that he upper portion of the Toa 
Baja Well (<580 m) has seen o significant burial and that 
diagenetic ransformations ccurred inearly marine and in 
meteoric or mixed meteoric-marine environments. The isotopic 
data can be accounted forby a model of stabilization by fluids 
that were modified by progressive rock-water interactions 
where depleted õz3C and $z80 compositions conespond to 
meteoric fluids, and heavy õz3C and/5z80 compositions 
correspond to fluids which ave undergone extensive rock- 
water interactions. Carbonate diagenesis treated in greater 
detail by Gonzglez and Ruiz [ 1991]. 
The bulk of compositions below the unconformity a  580 rn 
(1900 ft.) and down to a depth of 915 m could also be 
accounted forby meteoric diagenesis. The similarity inboth 
513C and 5180 composition to those of overlying sediments 
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argues atleast for the same range of fluid compositions and 
diagenetic temperatures. 
Although it could be argued that he similarity inisotopic 
composition f the interval between 580 to 915 m is due to 
caved carbonates from the shallower portions, analysis from 
spar samples in igneous and volcaniclastic fragments also have 
similar/5180 and •513C compositions suggesting that fluid 
compositions a d temperature regimes were similar. Spar 
samples inigneous and volcaniclastic fragments bear no 
resemblance to spatry carbonates inlimestone fragments from 
the overlying shallow water carbonates and sandstones. It is 
possible that his portion underwent meteoric diagenesis 
during the exposure period that created the marked 
unconformity at 580 m. 
Extremely •513C depleted signatures are encountered. in three 
spar samples inigneous and volcaniclastic fragments between 
580 to 915 m. A possible CO2 source for the/93C-depleted 
carbonates is the oxidation of isotopically ight hydrocarbon 
gases uch as methane. It is difficult to evaluate from the 
present data whether this light gas (methane?) issourced from 
bacterial reduction below the sulfate reduction zone during 
early diagenesis [Gautier and Claypool, 1984; Curtis and 
Coleman, 1986], or produced during catagenesis deeper in the 
basin with migration through the fracture/fault system. The 
lack of other indicators associated with early diagenesis inthe 
sulfate reduction and bacterial reduction zones uch as siderite, 
iron sulfides, and ferroan carbonates and dolomite [Gautier 
and Claypool, 1984; Curtis and Coleman, 1986], would 
suggest that methane or the •5•3C-depleted CO2 was not a 
product ofearly diagenesis insulfate reducing environments. 
As the •5180 compositions f the three spar samples 
between 580 to 915 m are similar to that of other spars and 
carbonates, wecan rule out fluid migration through the 
fracture/fault system from a different reservoir sourced deeper 
in the basin. Furthermore, if the •5180 signatures are indeed 
derived from meteoric fluid as suggested above it implies that 
isotopically light CO2 was introduced when the sequence was 
exposed and a deep meteoric lens was present. 
The marked ifference inoxygen isotopic ompositions of 
the sedimentary rocks below the fracture zone at 869 m 
suggests that the rocks in the two portions of the well have 
been altered by fluids of different isotopic ompositions, 
and/or different temperatures. The high variability of carbon 
isotopic compositions forsamples between the fracture zone 
and the fault at 1220 m also indicates an influx of isotopically 
light CO2. The coincidence of the fault at 1220 m and the 
depleted •513C compositions suggests a relationship between 
these two. It is possible that the fault acted as a conduit for 
isotopically light gaseous hydrocarbons that were oxidized to 
C02. The absence of solid hydrocarbons in the section argue 
for migration ly of gaseous hydrocarbons. It i  possible that 
the õ13C depleted gas for the sed/ments between the fracture 
zone and the fault at 1220 m and for the spars between the 
unconformity and the fracture zone had the same source. The 
variability n whole-rock õ13C compositions for the 915 to 
!220 m interval can be attributed to variable contribution by 
carbonates having/513C compositions ranging from -1 to +1 
%0 (range ofvalues of underlying carbonates) and diagenetic 
calcite with compositions ranging from-30 to -!5 %0. 
An alternative source for isotopically light CO2 is 
volcanogenic CO2having composition ra ging from- 14 to -28 
%0 PDB [Faure, 1986]. Given the inferred deep water setting 
for the sediments below 580 m (!900 ft.) [Smith et al., 1991; 
Montgomery et al., 1991] itlikely that the lava flows present 
had undergone substantial cooling and egassing prior to 
significant accumulation of sediments took place. If this is the 
case isotopically light CO2 contributed from volcanic sources 
would be insufficient to induce marked changes in bulk rock 
isotopic compositions. In addition if volcanogenic CO2from 
.the lavas was the source we would expect the depleted carbon 
ksotopic values to be concentrated immediately above and/or 
below the lava flows. Lastly it must be noted that methane has 
been detected in the well and its abundance seems to be 
maximized near fault planes [Lame, 1990] suggesting that he 
faults are presently acting as conduits for methane generated 
deeper in the basin. 
If indeed there is a single source for the õ13C depleted CO2 
for sediments below and above the fracture zone, it could be 
argued that the fault at 1220 m served as the only conduit for 
these gases. The differences in/980 compositions would 
indicate two different fluids and/or temperatures above and 
below the fracture zone. It is likely that colder meteoric fluids 
are (were) circulating above the fracture zone, and that marine- 
derived brine were circulating below it. The present-day 
uniform geothermal gradient and downhole temperatures argue 
against present-day circulation of hotter fluids. 
A difference of 2 to 3 %0 in the •5180 of fluids below the 
fracture zone could account for the observed shift in 
composition without he need of a temperature shift. As the 
present-day meteoric-marine transition occurs between 200 
and 300 m. below the surface [Gomez-Gomez, 1987], it is 
difficuk to argue for fluids other than marine or marine derived 
brine to be present at the depth of the/5180 shift. With marine 
fluids present under the fracture zone a temperature must have 
been at least 20øC higher below the fracture zone. It is likely 
that fluids derived from compaction and reacting with the 
sediments would get progressively enriched in •180 
[Longstaffe, 1989]. If brines derived in this manner were as 
heavy as 4%0 a temperature shift of approximately 40øC would 
be required to produce the observed õ180 values. 
A scenario that would account for an abrupt temperature 
induced shift owards lighter •5 •80 and for the fracture zone is 
geopressuring. If the volcanic flow at 915 m. (3000 ft.) acted 
as a hydraulic barrier (seal), as sediments were compacting 
and dewatering, anomalous pressures and thermal buildup 
would be induced [Jones, 1980]. Geopressuring or
aquathermal pressuring would be enhanced if thermobaric 
fluids were migrating upwards through the faults [Jones, 
1980; Galloway, 1984]. With increasing pressure buildup due 
to compaction, dewatering and perhaps migration of 
thermobaric fluids through the fault the confining layer would 
fracture restablishi_ng normal flow and allowing thermal 
equilibrium, such as in present conditions. 
Below 1220 m a significant contribution by isotopically 
light CO2 cannot be detected, and it is likely that the carbonate 
system was dominated by dissolution-reprecipitation of 
marine-derived carbonates, and hence the heavier invariant 
$•3C compositional range. Although the 5180 compositions 
exhibit a gradual decrease with depth, this trend is offset at the 
recognized fault planes (Figure 3). 
Two possible scenarios can explain the correlation of b•80 
spikes with faults. The first alternative is that the faults acted 
as conduits for fluids migrating from deeper to shallower 
portions of the basin. Hotter fluids migrating upwards through 
the faults and dispersing through the sediment column would 
account for the lighter compositions immediately above fault 
planes. The second possibility is that faulting has offset the 
sediment package, causing stacking of sediment packages with 
overlapping degrees of burial-induced recrystallizafion. For 
example, it is possible that the sediment packet bounded by 
faults at 1220 and 1770 m experienced the same temperatures 
throughout the interval as the sediment packet bounded by the 
faults at 1770 and 2040 m, as both have a similar anges of 
•80 compositions. It is difficult o resolve between these two 
alternative scenarios for the offset in/980 compositions. It is
probable that a combination of these two scenarios, fluid 
migration and offsets by faulting, is responsible for the 
observed downhole variability in b180. 
Based on the observed range of •5 •80 compositions an 
estimate can be made of the range of diagenetic temperatures 
for these sediments (Figure 4). For sediments above the 
fracture zone, a meteoric fluid with composition similar to 
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Fig. 4. Estimated calcite formation temperatures. 180 ct for 
calcite-water system were calculated using 103 In ec = 2.78 
(106/T 2) - 2.89 [ Friedman and O'Neil, 1977]. 
those of the present-day can be assumed. The 8180 
composition of modem meteoric fluids can be estimated to be 
approximately -2 %0, based on cave carbonates and measured 
cave temperatures from northern Puerto Rico [Gonzalez, 
1989]. Thus, if meteoric to marine fluids were responsible for 
alteration, temperatures ranging from 23 to 40 ø C are 
estimated. For sediments below the fault at !220 m a range of 
temperatures can be estimated to be from 40 to 60 ø C honer at 
2440 m than at 1220 m depending on fluid 8•80 
compositions. If afluid 81SOsmow composition f 0.0 %0 is 
assumed, temperature stimates range from 60 to 105 ø C, 
while for heavier fluids with 81SOsmow = 4.0 %o, temperatures 
would range from 85 to 145 ø C. Regardless of the fluid 
compositions a sumed to estimate burial diagenetic 
temperatures, i otopic data suggests that the bulk of the 
carbonate s diments in the Toa Baja Well have experienced no
diagenetic transfonnations at temperatures in excess 150øC. 
Although Cho [1991] estimates palmtemperatures of 160 to 
195 øC at a depth of 2350 m the estimates are not incompatible 
with carbonate estimates. Since the carbonate õ180 
compositions have been derived from whole rock (cuttings) 
analysis t is possible that higher temperatures arerecorded by 
carbonate spars and their signature isoverwhelmed bythat of 
marine derived carbonate. Alternatively it is possible that 
carbonate alteration took place under lower geothermal regimes 
prior to, or after low grade metamorphism. 
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